physical behavior of wetted soils is of paramount importance.
enced by the size and shape of particles, clay concentration, nature of the exchangeable ion, pH, and electrolyte concentration.
Palygorskite has a wide range of industrial applica-S ome soils in arid and semiarid areas contain palygortions because of its special sorptive, colloidal-rheologiskite in their clay fraction. Palygorskite is a so called cal, and catalytic properties, one of which is its usage "special clay", characterized by a microfibrous morpholas drilling muds. Palygorskite muds have the advantage ogy and a relatively low surface charge. The effect of over other clays (such as smectite) in being less sensitive the common clay minerals, such as smectite, kaolinite, to salts; that is, the desired rheological properties remain and illite, on the properties of soils has been studied virtually constant even at high electrolyte concentraand is known in great detail (e.g., Dixon and Weed, tions (Galan, 1996) . 1989). However, with regards to palygorskite, no infor-
The rheological properties of a palygorskite clay from mation of this nature is available. This constitutes a Ukraine (Ovcharenko, 1963) , Florida (Kheng, 1989) , serious impediment for the proper management of these and Central Spain (Galan et al., 1994) have been investisoils. Nearly all palygorskite-containing soils are found gated more from the perspective of their application in dry areas, where irrigation is indispensable for profitthan in terms of particle-particle interactions. Moreable agriculture. For proper irrigation practices, the over, the samples used contained impurities of phyllosilicates (smectite for the clay from Florida, smectite and
The Seagram Center for Soil and Water Sciences, The Faculty of illite for the clay from Ukraine and Central Spain) and
Agricultural, Food and Environmental Quality Sciences, The Hebrew other minerals (quartz, calcite). These impurities can strongly affect the rheological behavior of suspensions. We know of no references on the rheological properties of pure palygorskite. In addition, the question arises whether the models of particle-particle interactions that van Olphen (1977) has suggested for suspensions of platy clay minerals are applicable to palygorskite. To this end, we have investigated rheological properties of aqueous suspensions of palygorskites with different morphology as a function of clay concentration, nature of adsorbed ion, pH, and ionic strength. Six palygorskites were used: Mt. Flinders (Queensland,
MATERIALS AND METHODS

Rheological Measurements
Australia), Mt. Grainger (South Australia), Florida and Georgia (USA), Yucatan (Sacalum, Mexico), and Negev (Israel).
Rheological properties of aqueous suspensions were deterFlorida palygorskite (PFl-1, Gadsden County) was obtained mined at 25ЊC with a Haake viscometer (model CV 20, Karlsfrom the Source Clay Minerals Repository (Columbia, MO); ruhe, Germany) of the Couette type with a rotating outer the others were obtained from independent sources. cylinder and a stationary inner cylinder. The gap between the The natural clays were ultrasonically dispersed in water and two cylinders was 0.32 mm (sensor system ZB 30). Freezethe Ͻ2-mm fraction was separated by sedimentation under dried palygorskite samples were dispersed in water or 0.001, gravity. The clays were then lightly treated with 0.1 M HCl 0.01, and 0.1 M NaCl solutions, and ultrasonified to obtain for the removal of carbonates. The sample from Mt. Grainger homogeneous suspensions. For studies on pH-dependence, contained considerable amounts of free iron oxides, which the pH of the suspensions was adjusted by addition of dilute were extracted by dithionite-citrate-bicarbonate method HCl or NaOH. The samples were shaken for 1 h, and the pH (Klute, 1986) . Clays saturated with Li, Na, Mg, Ca, or Ba were was adjusted several times until the required pH was obtained. prepared by treating the clay-size fraction three times with Samples were shaken for 24 h before rheological measure-1 M solution of a chloride salt with the respective cation, ments were started. Rheological measurements were carried washing with distilled water, and centrifuging until the electriout in duplicate. cal conductivity of the equilibrium solution was Ͻ1 S m
Ϫ1
.
Studies of time-dependent phenomena (thixotropy and The clays were then freeze-dried. rheopexy) of the Florida sample were carried out with a high degree of accuracy using a Physica rheometer (model UDS
X-Ray Diffraction
200, Physica, Stuttgart, Germany).
X-ray diffraction data were obtained with a Rigaku diffrac-
Electrophoretic Mobility Measurements
tometer with Cu K␣ radiation. Oriented slides of Ca-saturated clays were prepared and solvated with ethylene glycol vapor Electrophoretic mobility (EM) was measured by electro-(65ЊC for 24 h). The samples from Mt. Flinders, Mt. Grainger, phoresis of very dilute suspensions using a Lazer Zee meter Yucatan, and Negev were remarkably free of other aluminosil-(model 501, Pen Kem, New York). Average EM of 200 to icates. However, the samples from Florida and Georgia con-500 individual particles was calculated by the instrument. The tained small amounts of smectite.
clays were dispersed by ultrasonication in water or NaCl soluThe amounts of smectite in Florida and Georgia samples tion. The pH of suspensions was adjusted by addition of dilute were quantified using binary montmorillonite-palygorskite HCl or NaOH and measured with fine-step color indicators. mixtures as external standards (Brindley, 1980) . The intensity of x-ray diffraction by a component in the mixture depends on,
Electron Microscopy among other factors, chemical composition of the component
Electron microscopy examinations were carried out using (Brindley, 1980) . The chemical composition of the Yucatan a scanning electron microscope (JSM-5410LV, JEOL, Tokyo, sample was very close to that of the Florida and Georgia Japan) and a transmission electron microscope (JEM-100CX, samples (Neaman and Singer, 2000) . For this reason, the Yuca-JEOL). For studies of the effect of pH on particle arrangetan sample was chosen as an external standard. ment, the suspensions of palygorskite at different pH values Mixtures of Ca-saturated palygorskite from Yucatan and were allowed to settle onto scanning electron microscope stubs montmorillonite from Wyoming (SWy-1, Crook County) conand frozen immediately. After that, the drop on the stub was taining 5, 10, and 15% (w/w) of montmorillonite were prefreeze-dried. It was assumed that freeze-drying does not alter pared. Oriented clay slides were prepared and solvated with the original arrangement of the palygorskite fibers in susethylene glycol vapor (65ЊC for 24 h). The x-ray diffraction pension. peak intensities were measured for smectite (001) and palygorskite (110) in prepared Yucatan-Wyoming mixtures and the Florida and Georgia samples. A calibration curve was ob-
RESULTS AND DISCUSSION
tained by plotting the smectite/palygorskite intensity ratio vs. smectite/palygorskite weight ratio in the prepared mixtures.
Effect of Fiber Morphology
From this calibration, the smectite/palygorskite weight ratio Figure 1 shows plots of shear rate against shear stress in the Florida and Georgia samples was calculated. Florida of 3% (w/v) suspensions of Na-palygorskites at pH 7.
and Georgia samples contain 2.8 and 3.1% (w/w) of smectite, respectively.
The Mt. Grainger and Mt. Flinders palygorskites exhibit the volume fraction of the particles in the suspension. ples the flow curves are typical of clay materials with a For spheres, the coefficient k equals 2.5. According to pseudoplastic behavior (van Olphen, 1977) . At low rates Gü ven (1992a), the nonspherical forms are described of shear, such systems exhibit non-Newtonian flow, as ellipsoids, and the coefficient k is correlated with the which is characterized by a progressive decline in viscosellipticity of the particles. The ellipticity of fibers is ity as shear rate increases. Above a certain value of shear rate, the flow curve becomes linear.
Pseudoplastic flow of colloid suspensions can be described by the Bingham model (Gü ven, 1992a) . According to this model the slope of the linear part of the flow curve is referred to as the plastic viscosity, and the intercept of the linear portion of the curve with the stress axis is referred to as the Bingham yield (stress) value. For all samples the flow curves become linear at shearing rates of 250 to 1000 s Ϫ1 . Another rheological parameter is the apparent viscosity, which is defined as shear stress/shear rate ratio at any shear rate. In our study the apparent viscosity was obtained at a shear rate of 1000 s
Ϫ1
. Values of plastic viscosity, Bingham yield, and apparent viscosity are shown in Table 1 .
As discussed below, the individual fibers of palygorskite are associated into microaggregates. The microaggregates progressively break down as the rate of shear increases, leading to an overall decrease in viscosity. There is a certain shear rate at which structural disruption is complete, and above which the viscosity remains constant. Viscosity is a measure of the resistance to flow of individual fibers of palygorskite, while yield stress represents the work required to break down the microaggregates.
It is suggested that differences in flow curves between samples are related to the size and shape of individual palygorskite fibers. The size and shape of individual particles were determined by transmission electron microscopy in order to confirm the hypothesis. The length (L) and width (W) of the fibers were measured using a computer program, and the L/W ratio was calculated ( Table 2 ). The results indicate that the samples differ required for orientation, increases with the ellipticity of the particles. The high correlation of ellipticity with plastic and apparent viscosities ( Fig. 3a and 3c, respectively) provide further support for this postulate. Similar correlations were reported by Kahn (1959) for montmorillonite, illite, hectorite, nontronite, and palygorskite suspensions.
The ellipticity of the fibers is also related to the Bingham yield value (Fig. 3b) . As discussed below, individual fibers of palygorskite in suspension are associated to each other by faces. The intimacy of association would increase with fiber length due to an increase in the area of the contact. Thus, the Bingham yield value of the suspensions increases with fiber ellipticity. Figure 4 shows the flow curves of Na-palygorskite from the Negev at different suspension concentrations. The suspensions exhibit nearly Newtonian flow at a concentration of 1% (w/v), but the flow becomes pseudoplastic as suspension concentration increases. Analogous results were obtained for Na-montmorillonite suspensions, which exhibited Newtonian flow at a suspension concentration of 1% (w/v) (Shainberg and pH 7 for Na-palygorskites used in the study. Otoh, 1968) and pseudoplastic flow at a suspension concentration of 2.5% (w/v) (Keren, 1988) . The increase in the Bingham yield value with clay concentration is defined as L/W ratio where L is the length and W is the width of the fibers.
Effect of Clay Concentration
due to the increase of number of clay particles in the suspension. The threshold value of shear rate at which The effect of ellipticity of the fibers on plastic viscosity, Bingham yield value, and apparent viscosity of 3% flow changes from non-Newtonian to linear also depends on suspension concentration. (w/v) suspensions of Na-palygorskites is shown in Fig. 3 . Similar relationships between ellipticity and rheological Plastic viscosity of Na-palygorskite suspensions of all samples increased linearly with increasing clay concenparameters were obtained for 5% (w/v) suspensions (not shown). Figure 3 shows that for the Mt. Grainger, tration within the range investigated (Fig. 5) . Correlation coefficients (R 2 ) between plastic viscosity and susMt. Flinders, Yucatan, and Negev palygorskites all rheological parameters are linearly related to the ellipticity pension concentration were higher than 0.9 for all samples. All lines converge to a viscosity of 0.89 mPa s of the fibers. However, the plastic viscosity, Bingham yield value, and apparent viscosity of the Georgia and when extrapolated to zero concentration. This value equals the viscosity of water at 25ЊC, the suspending Florida clay suspensions are much higher than would be predicted from the observed relationships because medium used in this study. Keren (1989) reported a Bingham yield value of 3.6 Pa of the presence of smectite impurities.
According to Gü ven (1992a), ellipsoids are oriented for a 2.5% (w/v) suspension of Na-montmorillonite from Wyoming at pH 7, and an apparent viscosity of during the flow with respect to the flow direction, increasing the amount of dissipated energy and, hence, the 5.6 mPa s. For the Mt. Grainger and Mt. Flinders samples, these values are much lower than those for Wyoviscosity of the fluid. The amount of dissipated energy, sample are similar to those for Wyoming montmorillonite (Table 1) . However, these rheological parameters for the Florida and Georgia samples are much higher centration in the Stern layer decreases the surface than those for Wyoming montmorillonite. As menpotential, and reduces the electrostatic repulsion betioned above, the Bingham yield value and apparent tween the particles. This effect was clearly evident with viscosity of these samples are also much higher than latex suspensions where the flocculation value deexpected from the ellipticity of the fibers, probably becreased in the order (Zimehl and Lagaly, 1986) : Li ϩ Ͼ cause of the presence of smectite impurities.
Na ϩ Ͼ K ϩ and Mg 2ϩ Ͼ Ca 2ϩ Ͼ Ba 2ϩ
. Thus, the decrease in ion hydration favors ion adsorption, which in turn
Effect of Adsorbed Ion
reduces the repulsion between particles and therefore the flocculation value. The effect of adsorbed Li, Na, Mg, Ca, and Ba on Repulsion between particles also depends on the vaflow, illustrated by behavior of the Yucatan sample, is lency of the adsorbed ions. Repulsive forces are weaker shown in Fig. 6 . The flow of the suspension is much less for divalent ion systems than those for clays containing pseudoplastic for clay saturated with monovalent ions monovalent ions with the same hydrated radius. Acthan that for clay saturated with divalent ions. Table 3 cording to the DLVO theory, a reduction in particlesummarizes the effect of adsorbed ion on the rheology particle repulsion would decrease the equilibrium disof 5% suspension of Florida and Yucatan samples at tance between fibers and increase the energy of pH 7. Table 4 shows hydrated radii and limiting hydraparticle-particle interaction (Gü ven, 1992b) . This, in tion numbers of ions in water (Israelachvili, 1992; Mar- turn, would increase the work required to break down cus, 1985). The plastic viscosity, Bingham yield value, the network of microaggregates during shearing and and apparent viscosity of suspensions are higher for the resistance to flow of individual fibers. Thus, the clays saturated with divalent ions than those for clays rheological parameters of palygorskite suspensions insaturated with monovalent ions (Table 3) . For ions of crease as the equilibrium distances between the fibers the same valency, rheological parameters increase with decreases. a decrease in hydrated radius and limiting hydration In all cases, the plastic viscosity of Mg-palygorskite number (Tables 3 and 4 ). This behavior may be exsuspensions was higher than that of Ca-palygorskite; plained in the following way.
however, the Bingham yield value and apparent viscosAs the adsorbing ions become less hydrated, the probity of the suspensions did not follow a consistent pattern ability of finding the ion near the particle surface in-( Table 1 ). As discussed above, the rheological paramecreases. The resultant increase of the adsorbing ion conters of Mg-palygorskite suspensions should be lower than those of the Ca-clay, because the hydrated radius of Mg is larger than that of Ca. From this point of view, the relatively high rheological parameters of Mg- surface of the silicate). Silanol groups are formed as a result of broken Si-O-Si bonds at external surfaces balancing their residual charge by accepting either protons or hydroxyl groups to form Si-OH groups (Galan, 1996) . The silanol groups at external surfaces of palygorskite can be protonated and deprotonated under acid and alkaline pH conditions, respectively. At the PZC the surface is essentially uncharged, while at pH values above and below the PZC it will be negatively and positively charged, respectively.
The change of electrophoretic mobility per pH unit is greater under alkaline than that under acid conditions Fig. 7 . Relationship between pH and electrophoretic mobility at dif- (Fig. 7) . It seems that protonation of silanol groups is ferent electrolyte concentrations for Na-palygorskite from the Negev.
preferred over deprotonation. The magnitude of the positive charge under acid conditions is relatively low. Analogous results for precipitated silica were presented palygorskite suspensions are surprising. Palygorskite is by Lagaly (1986) , who found that the silanol groups of the richest in Mg among the common clay minerals precipitated silica were protonated at very low pH val-(Singer, 1989). It can be assumed that relatively high ues (pH 2). rheological parameters of Mg-palygorskite suspension, Besides being dependent on pH, the electrophoretic obtained in some cases, are related to the specific admobility is sensitive to variations in electrolyte concensorption of Mg ions by palygorskite surfaces, which retration. By compressing the electrical double layers, duce the repulsion between the fibers and increase the electrolyte additions will reduce the absolute value of rheological parameters. electrophoretic mobility. Electrophoretic mobility beThe effect of adsorbed ions on the rheology of palycomes less positive with addition of electrolyte under gorskite suspensions deviates considerably from that acidic conditions and less negative under alkaline condiof montmorillonite and kaolinite suspensions. It was tions (Fig. 7) . The plots of electrophoretic mobility of reported that a 2.5% (w/v) suspension of Ca-and Mgpalygorskite from the Negev vs. pH at different concenmontmorillonites at pH 7 showed Newtonian rheology, trations of NaCl intersect at pH 4.1. This point reprebut the flow of a Na-montmorillonite suspension was sents the PZC of the palygorskite surface. A very similar non-Newtonian, with a relatively high viscosity (Keren, PZC at pH 4.5 was measured for the Mt. Flinders paly-1988 Flinders paly- , 1989 . The viscosity of a 5% (w/v) suspension of gorskite (data not shown). Ca-kaolinite at pH 7 was higher than that of NaThus, the silanol groups on the external surfaces of kaolinite, but both suspensions showed Newtonian flow palygorskite can affect the surface charge and can also (Keren, 1991) .
play an important role in the rheological properties of palygorskite suspensions. Similar conclusions were pre-
Electrophoretic Mobility of Palygorskite
sented by Aznar et al. (1992) for sepiolite suspensions. Figure 7 shows electrophoretic mobility of palygorThe adsorption of Methylene Blue (MB) on sepiolite skite from the Negev as a function of pH and electrolyte gels was investigated in the study by spectroscopic and concentration. The plots of electrophoretic mobility vs. rheological methods. It was found that the progressive pH at different concentrations of NaCl intersect at coverage of the sepiolite surface by MB produces a pH 4.1. As will be shown below, this intersect represents sharp decrease in the viscosity of the gels, and the susthe point of zero charge (PZC) of the palygorskite pension becomes peptized. These results indicate that surface.
MB interferes in particle-particle interactions. The dePalygorskite carries a negative charge on the basal crease in viscosity is parallel to the perturbation of the surface of the fibers resulting from isomorphous substiSi-OH groups on the sepiolite surface as observed by tution. The rate of the isomorphous substitution is low, IR spectroscopy, suggesting that silanol groups can play so the magnitude of the permanent surface negative an important role in rheological behavior of sepiolite charge and the cation-exchange capacity of palygorskite suspension. are quite low. Because this charge is intrinsic to the layer structure, its sign and magnitude are independent Effect of pH on Particle Arrangement of pH.
Structurally, palygorskite consists of alternation of In suspensions at low pH values the particles of palygorskite are likely to adopt a face-to-face association. blocks and tunnels that grow along the length of the fiber. Each structural block is composed of a central
In order to check this point, suspensions of the Negev palygorskite were examined by scanning electron mioctahedral sheet sandwiched between two discontinuous tetrahedral sheets of silica. Due to the discontinuity croscopy (SEM). SEM images indicate significant differences in fiber arrangement between low and high pH of the silica sheets, silanol groups (Si-OH) are present on the surface of the fiber. These groups are located at values. Figure 8 shows the arrangement of the Negev palygorskite fibers in suspension. Figures 8a and 8b the edges of the channels (tunnels extend to the external show that fibers form close-packed domains in suspension at pH 3. Groups of parallel fibers are associated by face-to-face contacts. Figures 8c and 8d show that in suspension at pH 10 the fibers adopt a random orientation. A similar fiber arrangements at low and high pH values were observed for the Florida palygorskite (not shown).
Thus, when the pH of the suspension is 3.0 (a value that is below the PZC of the palygorskite surface), the net electrostatic charge of the surface is slightly positive. Under these conditions, van der Waals attraction predominates over electrostatic repulsion. "T"-like edgeto-face contacts are expected in palygorskite suspension at pH values below PZC similar to what is reported for kaolinite suspensions by Rand and Melton (1975, 1977) . No "T"-like edge-to-face contacts occurred in palygorskite suspensions at low pH values. The domains of the parallel-oriented fibers were arranged in the suspension by face-to-face contacts ( Fig. 8a and 8b) . When the pH of the suspension is 10.0 (a value which is well above the PZC of the palygorskite surface), the net electrostatic charge of the surface is negative. Under these conditions the single palygorskite fibers repel each other and no domains are formed in the suspension (Fig. 8c and 8d) .
The concept of electrostatic attractive forces between the positively charged edges and negatively charged faces of clay particles at pH values below the PZC has been applied successfully to kaolinite suspensions to explain the influence of pH and electrolyte on the rheo- (Rand and Melton, 1975, 1977) . ture and particle morphology of palygorskite are different from those of kaolinite. The effect of pH on particle stress of 2.5% (w/v) suspensions of Na-montmorillonite arrangement in palygorskite suspensions at low pH valdecreased with increasing pH from 7 to 10. Non-Newues also deviates from that in montmorillonite suspentonian flow at pH 7 and Newtonian flow at pH 10 were sions where edge-to-edge association is the primary observed. Permien and Lagaly (1995) reported that the mode of particle interactions and is responsible for the yield value of a 2.2% (w/v) suspension of Napseudoplastic behavior of the suspension (Keren, montmorillonite was high at pH 3, but decreased dra-1988, 1989) . matically with increasing pH, reaching a minimum at pH ≈4.5. At pH Ͼ 4.5, yield values increased again, showing a maximum at pH ≈7. The yield values decreased again
Effect of pH
at pH Ͼ 7. However, the effect of pH on the rheology of The effect of pH on flow, illustrated by behavior of Na-montmorillonite depends on solid content. Heath the Negev palygorskite, is shown in Fig. 9 . Suspensions of pH Ն 9 exhibited near-Newtonian flow. At pH Ն 9, the fibers of palygorskite tend to repel each other because the magnitude of the negative surface charge is high. As a result, individual particles can move independently under flow and the system exhibits a near-Newtonian flow with a very small yield stress and a low viscosity.
At pH 7 and below, palygorskite fibers form microaggregates because the magnitude of the negative surface charge is relatively low and van der Waals attraction predominates over electrostatic repulsion, and the suspensions exhibit non-Newtonian flow with a high viscosity.
The effect of pH on the rheology of palygorskite is similar to that of montmorillonite. Keren (1988) re- ported that both the apparent viscosity and the yield At pH 5 and 7 the high magnitude of negative surface charge prevents the formation of close-packed domains in palygorskite suspensions. Nevertheless, particleparticle interaction apparently occurs because the flow is pseudoplastic. It is suggested that at pH 5 and 7 loosepacked domains are formed, giving rise to a "scaffolding structure" (van Olphen, 1977) . This structure breaks down under applied stress and suspensions show a relatively high yield stress and viscosity. Figure 10 shows the effect of electrolyte additions on the plastic viscosity and Bingham yield value of suspensions of the Negev palygorskite at different pH values. At pH Ͻ7 these parameters are only slightly affected by electrolyte addition, remaining relatively constant even at high electrolyte concentrations. However, the same parameters are significantly influenced by electrolyte addition at pH Ͼ9. Similar results were observed for the Florida palygorskite (not shown).
Effect of Electrolyte Addition
The effect of electrolyte addition on the rheology of palygorskite suspensions deviates significantly from that of montmorillonite suspensions. Chen et al. (1990) and Permien and Lagaly (1994) reported that yield values of Na-montmorillonite decreased with addition of low amounts of NaCl, showing the minimum at a concentration of 0.005 mol L Ϫ1 . Further addition of NaCl (up to 0.1 mol L
Ϫ1
) increases the yield values sharply. Heath and Tadros (1983) reported that the effect of NaCl addi- values, but not well defined at neutral and acid pH values.
Palygorskite has a wide range of industrial applicaand Tadros (1983), Brandenburg and Lagaly (1988) and tions, one of which is its usage as drilling muds. Palygor- Lagaly (1989) reported that yield values of 4% (w/v) skite muds have the advantage over other clays (such suspensions of Na-montmorillonite showed a sharp as smectite) in being less sensitive to salts; the desired minimum at pH ≈7 and increased on either side of the rheological properties remain virtually constant even at neutral pH. Thus, the minimum in yield values of 2.2 to high electrolyte concentrations at pH Ͻ9 (Galan, 1996) . 2.5% suspensions at pH ≈4.5 is shifted to pH ≈7 in The findings of our present study are in agreement with the case of 4% (w/v) suspensions. With higher solid concentrations, a more drastic increase in pH is required this industrial experience. As noted above, at pH Յ 7, palygorskite fibers form in order to disrupt the edge-to-face associations that are responsible for the high yield values at low pH (Lagaly microaggregates because the magnitude of the negative surface charge is low and van der Waals attraction preet al., 1997).
The curves in Fig. 9 indicate that both the Bingham dominates over electrostatic repulsion. The addition of electrolytes increases the plastic viscosity and the Binyield and plastic viscosity are lower at pH 3 than at pH 5 to 7. As discussed above, the fibers form close-packed gham yield value by compressing the electrical double layers, thus lowering the energy barrier to van der Waals domains by face-to-face contacts at pH 3. It is suggested that these domains can move independently under apattraction. The influence of electrolyte addition is slight, because the initial magnitude of the negative surface plied stress. Formation of close-packed domains decreases the number of particles in suspension, which in charge is low and electrostatic repulsion is weak. At pH Ն 9, the fibers of palygorskite tend to repel each other turn decreases the plastic viscosity of the suspension. At the same time, the distance between particles increases, since the magnitude of the negative surface charge is high. As a result, individual fibers of palygorskite can which fragments the network structure and decreases the Bingham yield value.
move independently under flow. The addition of electrolyte to palygorskite suspensions at pH Ն 9 signifiBrandenburg and Lagaly (1988) also reported that the yield stress of a 4% (w/v) suspension of Nacantly increases the plastic viscosity and Bingham yield value due to coagulation of the system. Similar results montmorillonite decreased as the pH fell below 4.5. These authors attributed the decrease in yield stress to were reported by Haden and Schwint (1967) and Ovcharenko (1963) . the aggregation of particles into clusters of finite sizes that moved independently under applied stress.
The gelling mechanism of palygorskite is different morillonite saturated with Na ϩ shows osmotic swelling and gelling when immersed in water or dilute aqueous trolyte-free palygorskite suspensions at pH 7 are antisolutions of an electrolyte (Borchardt, 1989) . In conthixotropic. This behavior was observed for all palygortrast, palygorskite does not show intracrystalline swellskite samples used in the study and was not dependent ing because of the chain-like structure and the low isoon adsorbed ion. Figure 11 shows flow curves of 3 and morphous substitution. Palygorskite tends to form 5% suspensions of Na-palygorskite from Florida at pH aggregates and does not show spontaneous dispersion 7. Antithixotropy is indicated by the hysteresis loop of in water. Aggregate separation into individual fibers the flow curves. cannot be achieved by hydration of interlayer cations
The area of the hysteresis loop of the flow curves, as in montmorillonite, but separation is possible by mewhich is a measure of the degree of hysteresis, is acchanical means such as mixing at high speed (Kheng, cepted to be positive if the behavior of the system is 1989) or ultrasonication (the present study).
thixotropic, and negative if the behavior is antithixotroSince gelling in palygorskite does not requires osmotic pic. The degree of hysteresis decreases with increasing swelling, palygorskite gels can be prepared in water and pH and increases with electrolyte concentration (Fig.  other solvents without concern for the exchangeable 12). The process of thixotropic stiffening is essentially cations or electrolytes present.
the same as slow coagulation in a dilute suspension. With increasing electrolyte concentration and decreas-
Thixotropy and Rheopexy of Palygorskite
ing pH, the negative charge of palygorskite surfaces is Suspensions reduced (Fig. 7 ) and the rate of particle linking and stiffening of the suspension increases. Plots of hysteresis From a rheological point of view, thixotropy is deloop area vs. pH at different concentrations of NaCl fined as the isothermal and reversible gel-liquid transintersect at pH 6.4 (Fig. 12 ). This indicates that at this formation upon mechanical agitation (Gü ven, 1992a) .
pH the degree of hysteresis is independent of charge A thixotropic system begins to flow under stirring and density and, therefore, of electrolyte concentration. thickens again when standing. Such a suspension will change during flow curve measurements by a viscomeThese results suggest that palygorskite suspensions ter, and a hysteresis loop will be obtained when readings are thixotropic if they are in a coagulated state (at low are taken subsequently at increasing and decreasing pH values and high electrolyte concentrations) and antirates of shear. In other words, thixotropy is a timethixotropic if they are in a dispersed state. Thixotropic dependent phenomenon. The network structure of the behavior of palygorskite suspensions in industry can be semirigid gel appears to be broken by shear forces and achieved by addition of different components that cause the interparticle bonds tends to reestablish themselves their coagulation. with time (Gü ven, 1992a; Lagaly, 1989) .
Antithixotropy or rheopexy is a phenomenon that is
